To understand the stability, chelation behaviour, and biological activity of 4-Formylpyridinethiosemicarbazone (H4FPT), it is important to recognize its interactive geometry. Hence, computational studies on geometrically optimized structures of thione and thiol forms of H4FPT were performed. Binary metal complexes of the ligand, H4FPT (L) with the Ni(II) and Cu(II) metal ions (M), were synthesized and characterized by various spectroanalytical techniques as elemental analysis, molar conductance, magnetic susceptibility measurements, LC-MS, TGA, IR, UV-Visible, ESR, and powder XRD. Elemental analysis, LC-MS, and TGA studies indicate 1:2 (ML 2 ) composition for mononuclear Ni(II) complex and 1:1 (ML) composition for dinuclear Cu(II) complex. Electronic absorption titrations, fluorescence quenching studies, and viscosity measurements suggest intercalative mode of binding of the complexes with calf thymus DNA (CT-DNA). These complexes also promote hydrolytic cleavage of plasmid pBR322. The ligand (H4FPT) and its complexes showed moderate-to-good activity against Gram-positive and Gram-negative bacterial strains. The DPPH radical scavenging studies showed antioxidant nature of both complexes.
Introduction
Cancer is a growing cause of death of human beings worldwide, which necessitated the search for new therapeutic agents. The coordination complexes either as drug or as prodrug can be used as potential anticancer agents. These complexes involve specific interactions with the DNA, leading to the destruction of the cancer cells [1] . The discovery of cis-platin laid foundation to metal-based drugs in chemotherapy [2] . However, use of cis-platin and its nextgeneration drugs like carboplatin and oxaplatin is limited owing to their side effects or acquired drug resistance. This has led to the development of few other metal ion complexes as Bi(II), Ru(II), Ru(III),Cu(II), Re(I), and so forth with potential anticancer activity [3] .
Transition metal complexes of thiosemicarbazones are of much interest due to their broad spectrum of pharmacological activity such as antitumor, antiviral, and antibacterial activities [4] [5] [6] [7] . Based on the nature of metal ions, thiosemicarbazones behave as bidentate or tridentate ligands and bind in either anionic or neutral forms [8] . Pyridine-2-carboxaldehydethiosemicarbazone was first among the -(N)-thiosemicarbazones reported to be carcinostatic [9, 10] .
In order to understand the origin of the biological activity of any molecule, it is essential to identify how the molecule interacts with the active site in biological systems and preferable orientation for its interaction. Therefore, it is important to recognize interactive geometry of the molecule and estimate its contribution towards attractive interactions with the active site of the target. Computational chemistry generates data that complements experimental data on the structure, properties, and reactions of substances. Energy parameters such as single point energy and heat of formation give an idea about stability of molecule, while HOMO-LUMO energy gap indicates the ease of the compounds to enter into the reactions [11, 12] . QSAR properties that are generated by computation provide an insight into chemical properties, which govern the biological activity, and in tu rn
Materials and Methods
All the chemicals used were of reagent grade and were obtained from Sigma-Aldrich. Semiempirical quantum chemical calculations were carried out by HyperChem 7.5 Molecular Modeling program. LC-MS of the ligand and its complexes were recorded on LCMS 2010A, Shimadzu spectrometer; elemental analysis was done on Thermo Finnigan 1112 elemental analyzer. Molar conductivity was measured using Digisun-909 digital conductivity meter. Magnetic susceptibilities were measured at room temperature on Faraday balance-7550. Thermogravimetric analysis of the complexes was carried out on TG balance, TA: Q/50 in the temperature range of 0 to 1000 ∘ C with a ramp of 20 ∘ C per min. The IR spectra in KBr were recorded on Shimadzu Prestige-21 FTIR spectrometer.
1 H-NMR (with D 2 O exchange) and 13 C-NMR were recorded on Varian 400 MHz NMR spectrometer and UV spectra in DMSO were recorded on Shimadzu UV 2450 spectrophotometer. ESR spectrum of copper complex was obtained from Jeol, JES-FA 200 ESR spectrometer. Powder XRD were recorded on a SMART Bruker D8 Focus X-ray diffractometer using Cu KR X-radiation ( = 1.5406Å) at 40kV and 30mA. Diffraction patterns were collected over 2 range of 5−80
∘ at a step size of 0.089 ∘ and with a step time of one second and Match! Software (Crystal Impact) was used for phase identification. Fluorescence spectra were recorded on RF-5301-PC Shimadzu spectrofluorimeter and Ostwald's viscometer was used for viscosity measurement studies.
Computational Studies.
To understand the stability and reactivity of the ligand, H4FPT quantum mechanical and molecular mechanical calculations were made using Hyperchem 7.5 by semiemperical (PM3) method.
Synthesis of 4-Formylpyridinethiosemicarbazone, H4FPT (L).
The ligand, H4FPT, was synthesized by known procedure [4] . To the hot aqueous solution of thiosemicarbazide (0.456g, 5 mmol), 4-formylpyridine (0.47 mL, 5 mmol) was added and stirred for 1 h at room temperature. Product formation was monitored by TLC in 1:3 ethyl acetate and petroleum ether as mobile phase. The resultant solid product was filtered, washed thoroughly with water, dried, and recrystallized from 1:1 ethanol-water.
Characterization 
DNA Cleavage Studies.
The pBR322 plasmid DNA dissolved in TE buffer (10 mM Tris-HCl (pH 7.5), 1 mM EDTA) containing 0.1% sodium azide and TAE buffer (pH 8.0; 40 mM Tris base, 20 mM acetic acid, and 1 mM Na 2 EDTA) was used for gel electrophoresis. 3 L of super coiled pBR322 DNA (100ng/ L) was added to 15, 30, and 45 M complexes and incubated for 1h at 37 ∘ C. Later, 1 L of 0.25% bromophenol blue (loading buffer) was added and loaded onto 0.8% agarose gel. The electrophoresis was carried at 60 V for 2 h until bromophenol blue had moved through 75% of the gel. Later, the gel was stained with EB and then destained in sterile distilled water. The plasmid bands were visualized under transilluminator and photographed [19] .
Antibacterial Studies.
In vitro antibacterial activity of the synthesized compounds was investigated by disc diffusion method [19] against Gram-positive bacteria, Staphylococcus aureus and Bacillus subtilis, and Gram-negative bacteria, Escherichia coli and Klebsiella pneumoniae. Sterile nutrient agar plates were seeded with pure test culture using spread plate technique. Sterile discs of 5 mm in diameter impregnated with 5 L of sample solutions were placed at equidistance. Discs containing DMSO without any test compounds served as a control, which have no activity. Gentamicin was used as standard. Zone of inhibition in mm was recorded after 24 h of incubation at 37 ∘ C. Each assay was triplicated and results were averaged [20] .
Antioxidant Studies. The antioxidant activity of Ni(II)
and Cu(II) complexes was determined by using 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay [21, 22] . Stock solutions of the complexes were prepared by dissolving 2mg of the samples in 6 mL of DMSO. Various amounts of the test compounds (50, 100, 150, 200, and 250 g/mL) from the stock solutions were diluted to 2 mL with methanol. To these solutions, 1.0 mL of 0.4 mM methanol solution of DPPH was added and stirred vigorously. Test solutions were incubated for 30 minutes at room temperature in dark. The antioxidant activity is measured in terms of decrease in absorbance (UV-VIS Shimadzu) of DPPH at 517nm. DPPH solution without sample was used as control and ascorbic acid was used as reference [21] [22] [23] .
Results and Discussion

Computational Studies of 4-Formylpyridinethiosemicarbazone (H4FPT).
As H4FPT exhibits thione-thiol tautomerism ( Figure 1 ), both forms were built and their geometry optimization is performed using molecular mechanics with uniform force field (UFF).
From the energies listed in Table 1 , it is evident that both forms are stable. Close proximity of heat of formation suggests their possible coexistence. Calculated dipole moment values indicate more polar nature of thione form.
Frontier Molecular Orbital (FMO) Analysis.
Highest occupied molecular orbital (HOMO) of a molecule with high energy has a tendency to donate electrons to appropriate acceptor molecule with low energy and lowest unoccupied molecular orbital (LUMO). An electronic system with a large HOMO-LUMO gap should be less reactive than a system with small gap. The hardness ( ) corresponds to the gap between the HOMO and LUMO orbital energies. The larger the HOMO-LUMO energy gap is, the more hardness (( ) = (E HOMO -E LUMO )/2) of the molecule will be. The hardness, in turn, is associated with the stability of the chemical system [11, 12] . In the present study, the HOMO-LUMO gap (Table 2) is sufficiently large, indicating that the H4FPT is a stable molecule. However, thiol-1 and thiol-2 forms have high values compared to thione form, indicating more stability over thione form as also supported by their ionization energy and electron affinity values listed in Table 2 .
The optimized geometries of thione and thiol forms of H4FPT and its electrostatic potential, electron density mappings, and the molecular orbital surfaces have been generated ( Figure S1 ). Negative electrostatic potential around nitrogen atoms in pyridine ring, imine, and thioamide moieties and thione sulphur indicate the regions of high electron density and are more susceptible to electrophilic attack [23] . This suggests that these atoms in H4FPT are potential donor sites and can coordinate to metal(II) ions to form complexes.
Quantitative Structure-Activity Relationship (QSAR)
Properties. QSAR studies help to recognize and compute the physicochemical properties of a drug and its effect on biological activity. Highly polarizable molecules can strongly attract other molecules and can also increase aqueous solubility. Molar refractivity is the volume occupied either by an individual atom or by a group of atoms. As per Lorentz-Lorenz relationship [13] , polarizability and the molar refractivity enhance with the volume and the molecular weight. Due to these properties, molecule can interact with the receptor and show biological activity. Hydrophobic character supports the molecule to bind the receptors and activates it as an agonist, which can be measured in terms of partition coefficient (log P). From the plot of log P versus log(1/Conc), it is possible to correlate the drug with biological activity. In general, drugs with log P ≈ 3.0 have higher chance of being absorbed, > 4.0 require lipid formulations, and < 2.0 show both hydrophilic and hydrophobic characters and will be difficult to formulate [24, 25] .
The log P value obtained from these studies listed in Table 3 is less than 3, which indicates that the H4FPT can cross the cell membrane and establish binding interactions with the target site. Thus, the molecule exhibits pharmacological or biological activity. Figure S3a) showed desolvation up to 80 ∘ C followed by decomposition in four steps. In the first step, the weight loss of 3.9% (230-280 ∘ C) can be assigned to loss of one mole of coordinated water molecule. In the second step, the weight loss of 31.5% at 280 ∘ C corresponds to the loss of chloride ion and CSNH 2 moiety, followed by two-step decomposition between 320 and 500 ∘ C (15.03%) and between 500 and 791 ∘ C (17.22%) indicating the decomposition of the complex moiety. The residue (18.38%) at 791 ∘ C reveals the metal ion percentage corresponding to 1:2 (M:L) composition of the complex.
Characterization of Metal
Thermogravimetric Analysis. Thermogram of Ni(II) complex (
In the thermogram of Cu(II) complex ( Figure S3b ), the desolvation has been observed up to 80 ∘ C, followed by the decomposition in four steps. Loss of one lattice water molecule (2.5%) and two coordinated water molecules (5.2%) was evident from the weight loss at 80 to 160 ∘ C and 160 to 220 ∘ C, respectively. A steep curve (38% weight loss) in the range of 220 to 400 ∘ C followed by gradual weight loss (13.62%) till 940 ∘ C indicates loss of coordinated chloride ions. Later, the decomposition of the complex can be observed with 35.24% of final residue, which indicates metal oxide corresponding to 1:1 (M:L) composition of Cu(II) complex. Figures  S4b and S4c) showed broad peaks in the range of 3050-3325 cm −1 indicating the presence of water molecules. In the IR spectrum of Ni(II) complex (Table 4) , shift in ]C=N and ]C=S towards lower frequency as compared to that of the ligand spectrum ( Figure S4a) shows coordination of azomethine nitrogen and sulphur atoms with the metal ions [28, 29] . The presence of both ]N-H and a new ]C=N in the complex spectrum reveals that both the thione and thiol forms of ligand are coordinated with the Ni(II) metal ion in the complex.
IR Spectra. IR spectra of both complexes (
The IR spectrum of Cu(II) complex (Table 4) showed that both the C=N and C=S stretching bands have been shifted towards lower frequency, suggesting azomethine nitrogen and thiol sulphur to be potential coordination sites [30, 31] . In the far IR region of the spectra of the complexes, the (M-N), (M-S), (M-Cl), and (M-OH 2 ) bands have been observed. In the IR spectrum of Cu(II) complex, the peaks at 320 and 285 cm −1 give an evidence for terminal and bridging M-Cl bonds, respectively. Analysis of IR spectral data indicates that the ligand is bidentate with azomethine nitrogen and thione/thiol sulphur as potential donor sites forming five membered chelates with the metal ions.
UV-Visible Spectra.
In the electronic spectrum of Ni(II) complex ( Figure S5b) 
.0023 indicate the presence of unpaired electron in d x2−y2 orbital of the Cu(II) ion. Axial symmetry parameter, G < 4, is due to exchange interaction between metal centers of polycrystalline compound [9] .
Magnetic Susceptibility Measurements.
The magnetic moment value (2.72 BM) measured for the Ni(II) complex corresponds to two unpaired electrons, indicating outer orbital complex with distorted octahedral geometry. The magnetic susceptibility measurements for the Cu(II) complex showed diamagnetic nature, while the same complex showed ESR activity. This may be due to antiparallel alignment of the electronic spin of the unpaired electron (d 9 ) present on the adjacent Cu(II) ions in dinuclear complex, as also known from mass spectrum of the complex. where D is crystallite size; is the wavelength of X-ray diffraction; is the full width at half maximum (FWHM) of observed peaks; is the angle of diffraction. The average crystallite sizes for H4FPT and Ni(II) and Cu(II) complexes were 0.28, 0.25, and 0.76 nm, respectively. From the matched phases, the crystal system can be proposed to be orthorhombic for ligand and monoclinic for both complexes. From the analysis of various spectroanalytical data, the proposed structures for Ni(II) and Cu(II) complexes are presented in Figure 2 .
Powder X-Ray Diffraction
DNA Binding Studies
Electronic Absorption Titrations.
Electronic absorption spectroscopy is extensively used to study the binding interactions between metal complexes and CT-DNA. Intercalation of metal complex into CT-DNA leads to hypochromism as the aromatic chromophore of the complex establishes strong → * interactions with the base pairs [14, 36] . In this study, both Ni(II) and Cu(II) complexes showed hypochromic shift as shown in Figure 3 , indicating their intercalation into CT-DNA, resulting in conformational change of CT-DNA.
From the titration data, intrinsic binding constant, K b , has been calculated from the equation Free energy of DNA-complex system can be calculated using the following equation:
where ΔG is Gibb's free energy in kJ mol −1 , R is the gas constant (8.314 JK −1 mol −1 ), T is the temperature in Kelvin, and K b is the intrinsic binding constant of DNA-complex [36] .
Free energy (ΔG) is a measure of the spontaneity of binding the complex to DNA. The calculated ΔG for Ni(II) and Cu(II) complexes, − 26.41 and − 24.16 kJmol −1 , respectively, indicate that Ni(II) complex binds to the CT-DNA more spontaneously than Cu(II) complex.. 
Fluorescence Quenching Studies.
To study the mode of binding between CT-DNA and metal complex, competitive binding experiment was performed. Ethidium bromide (EB) is a conjugate planar molecule and has very weak fluorescence emission intensity, which enhances considerably on its intercalation between the base pairs of DNA, which results in DNA-EB complex. When the metal complex is introduced into the solution, the metal complex molecules displace EB from DNA-EB and the fluorescence emission intensity of DNA-EB complex will be quenched. Fluorescent emission of EB (20 M) bound to CT-DNA (20 M) in the absence and in the presence of metal complex is shown in Figure 4 . The quenching of emission intensity at 611 nm of the DNA-EB with increase in metal complex concentration suggests the intercalation of complex with CT-DNA [17] .
The linear Stern-Volmer quenching constant, K sv , was obtained from classical Stern-Volmer equation:
where I 0 and I are the fluorescence intensities in the absence and presence of the quencher and r is the ratio of the total concentration of the complex to that of CT-DNA. The K sv values have also been obtained from the plot I 0 /I vs r. The quenching curves were in accordance with linear Stern-Volmer equation [17] , which indicates that the metal complexes are bound to CT-DNA. From the linear plot of I 0 /I versus r, the K sv values for the complexes were found to be 0.092 and 0.090, respectively, which suggest the DNA binding strength of Ni(II) complex > Cu(II) complex. sp is the viscosity of CT-DNA in the absence of the complex [18] . In the present study, both metal complexes showed an increase in viscosity due to their intercalation into CT-DNA as shown in Figure 5 .
DNA Cleavage Studies.
Super coiled (SC) plasmid DNA has a cyclic super coiled double strand structure. To activate the phosphodiester links for nucleophilic attack, the metal ions in the complexes serve as Lewis acids and metal coordinated water molecules act as nucleophiles. On electrophoresis, the intact SC plasmid DNA migrates faster. When SC form is cleaved due to the action of the complex, it gets converted to nicked coiled (NC) form, which moves slowly. Cleavage of both strands leads to linear form, which migrates between SC and NC forms, as the shorter molecules move easily through the pores of the gel [19] . The results are presented in Figure 6 , which indicate that both complexes promote hydrolytic cleavage of plasmid pBR322 DNA, due to scission in SC forms to NC forms (lanes 2 to 7). With the increase in concentration of the complexes, the intensity of NC band increases, indicating the concentration dependency of nuclease activity. 
Cu(II) complex 11 10 13 14 The results are listed in Table 5 . The ligand and its Ni(II) complex were found to inhibit the growth of only Grampositive bacteria under study. The Cu(II) complex was active against both the Gram-positive and Gram-negative bacteria ( Figure S8 ). This may be due to the lipophilic nature of the complexes, which favours their permeability into bacterial cell membranes and inhibits the growth of the bacteria [20] .
3.6. Antioxidant Studies. Antioxidants react with DPPH radical and reduce it to DPPH-H and as a consequence the absorbance decreases. DPPH is a stable free radical with purple colour that turns yellow when scavenged. The degree of discoloration and decrease in absorbance (UV-VIS) indicate the scavenging potential of the compounds in terms of hydrogen donating ability. The scavenging reaction between DPPH and an antioxidant (HD) can be written as
The percentage of DPPH radical scavenging activity (% SCV) was calculated by using the following equation:
% DPPH scavenging ability (% SCV) = A c -A s A c × 100 (6) where A c and A s are absorbance values of control and the sample, respectively. The IC 50 values obtained from plots of concentration of the sample versus % SCV give the concentration of the sample that leads to reduction of 50% in the free radical concentration [21, 22] . In the present study, the IC 50 values were observed as 86.53 g/mL (61.1 M) for Ni(II) complex and 26.31 g/mL (12.84 M) for Cu(II) complex, respectively. This indicates that the Cu(II) complex exhibits better antioxidation activity than Ni(II) complex (Figure 7 ).
Conclusions
Computational studies of H4FPT revealed the nitrogen atoms in pyridine ring, imine, and thioamide linkages and thione sulphur as potential sites for electrophilic attack and can coordinate with the metal ions to form complexes. QSAR properties generated for the ligand in its both forms indicate its ability to act as drug. The H4FPT acts as bidentate ligand and forms chelates with the metal ions. The Ni(II) complex is mononuclear with 1:2 (ML 2 ) composition and Cu(II) complex is dinuclear with 1:1 (M:L) ratio. The DNA binding studies revealed that both complexes intercalate into the base pairs of the CT-DNA and cleave the super coiled form of plasmid pBR322 DNA to nicked form. The ligand and the metal complexes can inhibit the growth of bacteria under study. Both complexes have shown antioxidant activity, of which the Cu (II) complex showed better activity.
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